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Twelve mutants of Escherichia coli K-12 have been isolated which carry
chromosomal mutations that exhibit pleiotropic effects on the expression of F
factor tra cistrons. F pilus synthesis, deoxyribonucleic acid transfer, and surface
exclusion are all inhibited. Six of the mutants carry sfrA mutations, and six carry
sfrB mutations. sfrA and sfrB are cistrons mapping near thr and metE, respec-
tively. Several F-like plasmids are dependent on sfrA and on sfrB for expression
of tra cistrons. Plasmids of incompatibility groups C and S are only dependent on
sfrB, and other conjugative plasmids are dependent on neither. sfrB mutations
also result in changes in certain cell envelope properties, including changed
sensitivity to certain bacteriophages which use lipopolysaccharide as a receptor,
synthesis of nonfunctional flagella, and altered sensitivity to antibiotics.

Escherichia coli cells carrying the F sex factor
act as good donors and as poor recipients in
conjugation. Numerous F-encoded tra cistrons
(for review, see ref. 3) have been identified which
are responsible for F pilus synthesis, mating
aggregation, and DNA transfer; others have
been identified which are responsible for poor
recipient ability (here called surface exclusion).
Most of these cistrons are located in the tra
operon (17), the transcription of which requires
expression of the tra.J gene (14, 29). tra.J expres-
sion can be prevented by the finO and finP gene
products (12, 13, 29). The F factor is finO and
thus shows constitutive expression of the tra
operon. When a second plasmid capable of sup-
plying the finO protein is introduced into cells
carrying an F factor, traJ transcription and tra
operon transcription are inhibited (29).

In addition, expression of the tra cistrons of
the F plasmid depends on the functional integ-
rity of the transcription and translation machin-
ery of the cell (10, 24-26) and presumably on
other important aspects of cell function. How-
ever, it was not clear whether certain cell com-
ponents played a specific role in the expression
and function of the F factor cistrons. Here we
describe the isolation of E. coli K-12 mutants
with properties suggesting that the host cell does
play such a specific role.

(These results have been presented in partial
fulfillment of the requirements for a doctorate
[L.B., Inaugural-Dissertation, Freien Universi-
tat, Berlin, 1978].)

+ Present address: Bundesgesundheitsamt, Max von Pet-
tenkofer Institut, D-1000 Berlin 33, Germany.

MATERIALS AND METHODS

Those bacterial strains critical to this study were E.
coli K-12 derivatives (Table 1). Hfr strains used for
linkage analysis were obtained from the E. coli Genetic
Stock Center. RecA derivatives were obtained after
conjugation with the Hfr donor strain JC10240 and
selection for tetracycline resistance. Of the Tet" trans-
conjugants, 90% were RecA |, as shown by sensitivity
to UV light and recombination deficiency after con-
jugation. The sex factors used were from various
sources: Flac (JCFLO [5]), Fgal (F8 [18]), Ftrp (from
R. Thompson; original source unknown), and R100
finO (UCR105 [19]) were from the laboratory strain
collection; R1drd-19 was obtained from K. N. Timmis;
ColV2, ColVBtrp, and R538-10" were obtained from
N. Willetts; R\, was obtained from Y. Terawaki; and
the remainder listed in Table 4 were from N. Datta.
The original sources of these latter plasmids have been
cited by Jacob et al. (20). Bacteriophages M12, £2, ¢y,
and P1 were from the laboratory bacteriophage collec-
tion; x was obtained from B. Lugtenberg; the remain-
der were obtained from P. Reeves via P. A. Manning.
Bacteriophages were propagated on E. coli K-12 strain
P400, with the exception of bacteriophages T'1, T2, T3,
T4, T6, T7, and C21, which were grown on E. coli B.
Media and techniques used for growing these bacterial
strains and bacteriophages have been described or
cited elsewhere (1, 2, 5, 6, 30). Bacteriophage x was
propagated on strain PC1349 from B. Lugtenberg,
using the techniques and media described by Schade
and Adler (27). Bacterial swarming was tested as de-
scribed by Armstrong et al. (7).

Curing with acridine orange. Plates containing
acridine orange were made as described by Fan (11),
except that the pH of the medium was adjusted to 8.5
before autoclaving, and acridine orange (E. Merck AG,
Darmstadt, Germany) was present at a concentration
of 75 ug/ml. Bacterial suspensions were streaked to
single colonies on the plates, and the plates were
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TaBLE 1. Bacterial strains

Strain Relevant properties Source/refer-
ence
AB2463 Thr™ Leu” Ara” RecAT, carries = CGSC4250*
KLF1
C600 Thr™ Leu” LacY™ Str’ Sui* A. Reiner
FOS-3 Ilv: Cyas™ M. Malamy
107011 Trp™ His™ Ilv- MetE~ J. Beckwith
JC1553  RecA; carries KLF33 CGSC4265°
JC3272 F B, His” Trp Lys Gal” 5
MalA~ Str' T6" Su~
JC10240 Hfr srl-300::Tn10 recA56 A. J. Clark
M176 As JC3272 but carries Flac 5
M1986 LacY Thr Ara” ThyA™ Suy' Leu® Ara”
Str', carries Flac Thy~ C600°
M3960 Trp~ His™ MetE™ Cya,™, carries  Ilv* Cyaa™
Ftrp 107011°
P400 Sensitive to most bacterio- P. Reeves
phages

“E. coli Genetic Stock Center; obtained from B. Bach-
mann.

" The thyA mutation was selected by treatment with tri-
methoprim.

“FOS-3 was transduced to Ilv* with P1 bacteriophage. A
P1 lysate made on this strain was used to transduce 107011 to
Ilv* Cya .

incubated in the dark at 37°C for 2 to 3 days. The use
of lactose or galactose as a fermentable sugar allowed
the ready recognition of colonies or colony sectors
which had been cured of Flac or Fgal, respectively.
Most colonies contained only cured cells or exhibited
numerous cured sectors. No curing on these plates has
been observed for any of the F-like R factors which
have been tested.

Mutagenesis. M176 was grown in L broth to a
density of 4 X 10° cells per ml, and the cells were
centrifuged and suspended in one-half volume of min-
imal medium 56/2, supplemented with histidine, tryp-
tophan, lysine, and vitamin B, but without any carbon
source. Ethyl methane sulfonate (Pierce Chemical
Corp., Rockford, Ill.) was diluted 50-fold in 5 ml of
supplemented minimal medium (as above) and incu-
bated at 37°C for 30 min to allow settling of undis-
solved droplets. Then 0.1 ml of the bacterial suspen-
sion was layered on the mixture, and incubation con-
tinued for a further 30 min. A 0.1-ml amount of the
mutagenized bacteria was diluted in 10 ml of L broth
and incubated overnight at 37°C to allow segregation
and expression of mutants.

Assays for the Sfr™ phenotype and for mea-
suring DNA transfer. Colonies of cells carrying an
F-prime sex factor are sensitive to male-specific bac-
teriophages M12 and f2 unless they harbor mutations
preventing F pilus synthesis. sfr mutations do prevent
F pilus synthesis and can be readily detected by
screening colonies by replica plate techniques for re-
sistance to male-specific bacteriophages (4). With
these techniques, 1 in 1,000 colonies could readily be
recognized which differed from the remainder in the
Sfr phenotype. On occasion, replica plate techniques
were used to screen for transfer deficiency, a second
aspect of the Sfr~ phenotype. Quantitative analyses of
plasmid DNA transfer efficiency were performed by
measuring the ability to transfer a sex factor in 40-min
matings at 37°C as described (4).
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Surface exclusion with recipient cells carrying an F
prime was measured by using the Hfr donor M2311
and a slightly different technique, necessitated by the
observation that DNA transfer and/or recombination
is inefficient at high cell densities with Hfr donors (1).
These mating mixtures each contained 1 ml of an Hfr
culture grown in L broth at 37°C to 2 X 10° to 4 x 10°
cells per ml without agitation and 1 ml of the test
culture grown similarly but with agitation. After 20
min at 37°C without agitation, the mating mixtures
were diluted 100-fold in warm L broth, and 60 min of
incubation (without agitation) was allowed for transfer
and recombination. His* [Str'] recombinants were se-
lected, and the surface exclusion index was calculated
relative to an sfr* F~ strain. The same mating protocol
was used with Hfr X F~ mating mixtures for mapping
sfr mutations by linkage analysis, except that 2 h of
incubation at 37°C was allowed after dilution when
the calculated time of entry of the selected allele was
more than 20 min.

Electron microscopy. M12 bacteriophages were
used to label F pili, or x bacteriophages were used to
label functional flagella. A total of 10" bacteriophages
was added to 1 ml containing 2 X 10® bacteria. In both
cases, formaldehyde (final concentration, 2.5%) was
used (at 0°C) to fix exponentially growing cells before
samples were applied to grids for electron microscopy.
For F pilus analysis, formaldehyde and M12 bacterio-
phages were added simultaneously, whereas for flag-
ella analysis, x bacteriophages were added 10 min
before the formaldehyde. Samples were applied to
carbon- or Formvar-coated grids immediately after
formaldehyde addition or just after overnight fixation.
Negative staining was performed with 2% phospho-
tungstic acid (pH 7.7) or 1.5% uranylacetate (pH 4.0).
The grids were evaluated with a Philips EM301 trans-
mission electron microscope.

RESULTS

Isolation of Sfr~ mutants. The procedure
described below resulted in the isolation of mu-
tants which prevented the normal function of F
factor tra operon cistrons. Our original hope was
to isolate finO" revertants of the F sex factor
(which is a naturally occurring finO plasmid),
and the mutant isolation was designed accord-
ingly (Fig. 1). First we used conjugation with an
Hfr donor to enrich (40-fold or more) for mu-
tants of a strain carrying Flac which had become
good recipients (deficient in surface exclusion).
Then the cells were screened for the inability to
synthesize F pili even when an unmutagenized
finO R plasmid was introduced. Note that F
pilus synthesis and surface exclusion are en-
coded by independent tra operon cistrons (3).
Several additional features were included in the
protocol to maximize success.

(i) Sodium dodecyl sulfate (0.0125%, wt/vol)
was included in the liquid medium used for
growth and expression after the mutagenesis
with ethyl methane sulfonate. This ensured that
surface exclusion-deficient mutants would not
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E.coli K 12 his (Flac)*
l Mutagenesis

l Growth and expression

Mixture of wild type
and mutant cells

Liquid mating
with Hfr donor

5x104 (Flac)* His*
recombinant colonies

Replica-plate mating with
[R100 fin0O) carrying donors
Sx104 (Flac. R100 fin0)",
His* colonies

Replica-plate screening
for resistance to f2 phage

12 Sfr™ mutants

FiG. 1. Protocol for isolating mutants.

be lost by acting as recipients to wild-type trans-
fer-proficient cells in the mixed culture (17).

(i1) Immediately after mutagenesis, 50 subcul-
tures were established, and 1,000 colonies from
each were later subjected to the analysis. Only
one mutant was retained from any one subcul-
ture; therefore, many or all of the mutants tested
carried independent mutations.

(iii) Two independent finO mutants of R100
(R100-1 and UCR105) were separately intro-
duced into the colonies being tested to ensure
that the inability to synthesize F pili was repro-
ducible.

Once putative mutant colonies had been iden-
tified, their parental cells, which had not yet
been exposed to the R100 finO plasmid, were
purified by single-colony isolation and analyzed
further. Twelve mutants were isolated. All
twelve carried chromosomal sfr (sex factor reg-
ulation) mutations, because the mutant effects
were still manifested after curing of Flac with
acridine orange and the reintroduction of an
unmutagenized Flac. No mutants were isolated
with mutations on the F factor, and it remains
to be seen whether the F factor can be mutated
to finO*. We calculate that the 12 sfr mutants
were isolated from an original 2 X 10° survivors
of mutagenesis (5 X 10* multiplied by the 40-fold
enrichment).

F factor expression in Sfr™ mutants. The
F factor is known to encode proteins which result
in plasmid DNA replication and segregation,
plasmid incompatibility, inhibition of female-

-J. BACTERIOL.

specific phage multiplication, F pilus synthesis,
DNA transfer, and surface exclusion (for review,
see ref. 3). The cistrons responsible for these
phenotypes map in three discrete regions of the
F genome which are not known to share any
common regulation. DNA replication and seg-
regation cistrons map close to incompatibility
and to sensitivity to curing by acridine orange.
Because no preferential loss of plasmids was
observed with the sfr mutants, and because Flac
was easily curable from these mutants with ac-
ridine orange, the Sfr’ phenotype is not needed
for those functions. Incompatibility has not been
tested.

Replica plating revealed that all but one of
the sfr mutants (that carrying the sfrBI muta-
tion) were resistant to f2 bacteriophage whether
they carried Flac, Fgal, or R100drd. Quantita-
tive data with mutants carrying Flac are pre-
sented in Table 2 for the phenomena of DNA
transfer, surface exclusion, and inhibition of fe-
male-specific phage multiplication. The results
with Fgal or R100drd were comparable, except
that R100drd does not affect female-specific
phage development. The phenotypes of the mu-

TABLE 2. Phenotype of sfrA and sfrB cells carrying

Flac
Transfer Surface  Plating ef-
Group Mutation  efficiency  exclusion ficiency of
(%) index” ou (%)
1 sfrA4 3.7 3.8 4.8
sfrA7 3.2 3.5 5.3
sfrA10 2.8 2.6 2.7
I sfrA8 0.3 12.01 =0.04
sfrA9 0.1 9.0 =0.04
sfrA5 0.06 19.5 0.09
11 sfrB1 17.0 6.4 =0.04
srfB14 8.5 10.5 =<0.04
sfrB2 2.0 7.1 0.01
sfrB13 1.0 3.5 0.1
|AY sfrB3 7.1 5.2 32.3°
sfrB11 0.02 12.6 50.8°
WT sfr* 100.0 390 0.5

“ Each value indicates the number of transconju-
gant cells which have acquired the Flac plasmid when
expressed per 100 donor cells introduced to the mating
mixture and after normalization for the value with the
sfr* control.

" Kach value indicates the ratio between the number
of recombinant transconjugants obtained with F re-
cipients and the number obtained with the F-prime-
carrying test strain.

“ Obtained by normalization to a value of 100 for the
sfr* F~ control strain.

“WT, Wild type.

" Small, turbid plaques.
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tants were not identical. Although only two mu-
tated cistons, sfrA and sfrB, could be distin-
guished genetically (see below), mutants affect-
ing each ciston fell into two groups (Table 2).
Group I contained three sfrA mutants, all of
which reduced DNA transfer ability and surface
exclusion. Furthermore, ¢éun bacteriophage
plaqued slightly more efficiently on these mu-
tants than on the parental sfr* strain. Group II
mutants were significantly poorer at DNA trans-
fer but better at surface exclusion than were
group I mutants. Furthermore, ¢ plaqued even
less efficiently on these mutants than on the
wild-type strain. Group III and IV mutants var-
ied in their DNA transfer efficiency from 0.02 to
17.0% of the value with the sfr* parent. All were
moderately defective in surface exclusion, and
group IV mutants were very efficient at plaquing
¢n bacteriophages. Surprisingly, neither the
group I nor the group IV mutants were any
better than the sfr* control at plaquing T7,
another female-specific bacteriophage. Despite
their heterogeneity, two generalizations are pos-
sible. (i) All the sfr mutants are somewhat leaky,
since residual DNA transfer and residual surface
exclusion were detected. This may indicate that
the mutations do not totally inactivate the cor-
responding gene products or that expression of
tra functions is not totally dependent on func-
tion of these gene products. (ii) All the mutants
affect the two independent properties of the tra
operon (F pilus synthesis and surface exclusion)
for which selection was imposed.

Genetic mapping of sfr mutations. We
know of no technique which could be used for
direct selection for the Sfr* phenotype. There-
fore, we used resistance to male-specific bacte-
riophages of cells carrying an F prime to screen
for linkage of the sfr mutations to known cis-
trons. F~ cells carrying sfr mutations were used
as recipients in conjugation with various Hfr
donor strains and recombinants which were
either His™, Trp*, Lac*, Gal*, or Mal® were
selected. Flac was then introduced into the re-
combinants by conjugation to test whether they
had inherited sfr* from the Hfr donor cells. As
a result, we could assign six mutations to a locus,
sfrA, mapping between the points of origin of
Hfr's Hayes and x313 and the six others to a
locus mapping between the points of origin of
KL228 and P72 (Fig. 2). P1 transduction was
then used to refine these map positions. The
sfrA mutations are cotransducible with thr into
strain M 1986 at a frequency of 0.95 and with ara
at a frequency of 0.34. sfrB mutations are co-
transducible with metE into strain M3960 at a
frequency of 0.3 and with cya at a frequency of
0.01. Thus, the sfrA locus maps at 0/100, and
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«—1KLF1

" 2
4

F16. 2. Map of the E. coli chromosome according
to Bachmann et al. (8). The points of origin of the Hfr
strains KL228, P72, H and x313 are indicated by
arrowheads. The chromosomal DNA carried by the
F primes KLF33 and KLF1 are shown by the lines
outside the circle; their origins of transfer are indi-
cated by arrowheads. The positions of sfrA and sfrB
are based on the results given in the text.

the sfrB locus maps at 84 on the current E. coli
K-12 map (8). These results also render the
possibility unlikely that the Sfr™ phenotype is
due to multiple mutations, since no difficulties
were encountered with transduction. Since
strain M 1986 carries the Sur* amber-suppressor
gene, the sfrA mutations are unlikely to be am-
ber mutations.

sfrA is highly cotransducible with thr, and we
were unable to decide the relative positions of
sfrA and thr from three-point transductional
mapping experiments. In contrast, we were able
to define the map order of sfrB and metE. The
cotransduction frequency of ilv and metE was
0.13, whereas cotransduction of ilv and sfrB was
undetectable (<0.0001). Thus, sfrB probably
maps distal to metE, relative to ilv. Three-point
transductional analysis using the cya marker
(Table 3) demonstrated that the order is indeed
ilv cya metE sfrA (Fig. 2).

The sfrA and sfrB mutations are recessive
because introduction of the F primes KLF1 into
the former and KLF33 into the latter restored
the cells to the Sfr* phenotype; these cells trans-
ferred the F primes efficiently and were sensitive
to male-specific bacteriophages. Occasional col-
onies contained homozygote cells in which the
sfr mutations had moved to the F primes. We
purified four such colonies carrying the mutant
F primes pBE501 (KLF1, sfrA4), pBE502
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TABLE 3. Fine mapping of sfrB with Pl
transduction and three-point linkage analvsis'

4

No. of crossovers

Selected Unselected I".requenc‘\.‘ “"l”L"d
. o of recombi-
marker markers nants ova- cva-
metE- sfrB
sfrB metk
cva® metE sfrB* 0.84 2 2
cya® metE" sfrB*  0.15 2 4
cya® metE” sfrB 0.01 2 2
cva® metE sfrB <0.0008 4 2

“P1 lysates grown on all six JC3272 derivatives
carrying sfrB mutations (cva® metE™ sfrB) were used
to transduce M3960 (¢va metE sfr') with selection for
Cya’ or Met" (data not shown) transductants. A total
of 200 were tested from each transduction. Since no
significant differences were found among the six sfrB
mutations, the data for all 1,200 transductants have
been summarized here. The data with Met " transduc-
tants were also inconsistent with the order cyva sfrB
metkE, since the putative four-crossover class was the
most frequent.

(KLF1, sfrA10), pBE503 (KLF33, sfrB13), and
pBE504 (KLF33, sfrB14). When introduced into
sfr* hosts by (inefficient) conjugation, these mu-
tant F primes stimulated F pilus synthesis and
DNA transfer. When introduced back into cells
carrying the rec” or recA56 alleles plus each of
the corresponding sfr mutations, no complemen-
tation was observed and F pilus synthesis and
DNA transfer were both inhibited. Thus, all the
sfrA mutations belong to one cistron, and all the
sfrB mutations belong to a second cistron. This
conclusion theoretically could be artefactual,
due to pBE501 through pBE504 arising by dele-
tion within KLF1 or KLF33 rather than by
homozygotization. However, sfr* recombinants
were detected in a rec” strain between sfrA4 on
pBE501 and the other sfrA mutations on the
chromosome except for sfrA7 and sfrA10. Simi-
lar recombinants were detected between sfrB13
on pBE503 and all the other sfrB mutations on
the chromosome. Thus, this possibility is un-
likely. The experiments described below could
therefore safely be performed with representa-
tive mutations affecting the sfrA and sfrB cis-
trons rather than with all 12 mutants.

Other conjugative plasmids. Plasmids be-
longing to 15 different incompatibility groups
have been tested for the ability to transfer them-
selves from cells carrying sfrA8 or sfrB13 mu-
tations. The plasmids could be assigned to four
groups, based on their response (Table 4). The
results show that sfrA and sfrB are specific,
since most plasmids other than the F-like plas-
mids did not require function of either the sfrA
or sfrB cistrons. Furthermore, sfrA and sfrB
have different specificities, since some plasmids
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required function of only one of the two and
others required function only of the second.
Most of the F-like plasmids tested were depend-
ent on the function of both cistrons. However,
ColV2 needed only sfrA, and Rldrd-19 needed
only sfrB. Furthermore, the C and S group plas-
mids, which are not known to share any DNA
homology with F, were also dependent on sfrB
function.

Synthesis of extracellular organelles. De-
rivatives of JC3272 carrying Flac plus an sfrA
or sfrB mutation were examined by electron
microscopy for their ability to synthesize F pili
(Table 5). Both sfrA4 and sfrA5 mutations abol-
ished detectable F pilus synthesis. However, 2/
105 sfrBII cells and 21/100 sfrB13 cells pos-
sessed F pili. This number is lower than for sfr*
cells and indicates a leaky inhibition of F pilus
synthesis. The results with sfrB13 indicate more
F pilus synthesis than had been anticipated from
the low efficiency of DNA transfer by these cells
(Table 2) and from the fact that they are resist-
ant to male-specific bacteriophages. We have no
explanation for this discrepancy.

JC3272 cells synthesize common type 1 pili,
and some of these cells synthesize flagella. The
sfr mutations had no effect on type 1 pilus

TABLE 4. Transfer from mutant strains of different
conjugative plasmids

Dependent
Group . on: Plasmids (compatibility groups)
sfrA  sfrB
A Yes Yes F (FI), ColVBtrp (FI), R100drd
(FII), R538-10" (FII), ColB4
(FIII), R124 (FIV)
B Yes No  ColV2 (FI)
C No Yes Rldrd-19 (FII), R55 (C), R40a

(C), R478 (S), R479b-1 (S)

Ral (A), R16 (B), R27 (H),
R64drd-11 (1a), R446b (M),
N3 (N), RP4 (P), Ry, (T),
S-a (W)

D No No

TABLE 5. F pilus production by sfrA and sfrB

mutants"
L R Fraction of F-pi-
Mutation F pili/cell liated cells
sfrt 1.06 0.76
sfrA4 <0.01 =0.01
sfrA5 =0.01 <0.01
sfrB11 0.02 0.02
sfrB13 0.25 0.21

“ For each of the five strains (JC3272 carrying Flac
plus the mutation indicated), 100 or more cells were
examined by electron microscopy. When F pili were
seen, they usually carried numerous M12 bacterio-
phages.
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synthesis, but fewer of the sfrB cells possessed
flagella than the sfr* cells or than the sfrA
mutants. Furthermore, the sfr* and all six sfrA
mutants exhibited normal motility on swarming
plates, whereas five of the six sfrB mutants were
less motile. The sixth mutation, sfrB1, is quite
leaky (Table 2). It was not possible to extend
this analysis with these strains, because only
some JC3272 cells synthesize flagella and others
do not. Furthermore, JC3272 is resistant to x
bacteriophage, which requires functional flagella
for infection of the cell. M3960 when supple-
mented with cyclic AMP synthesizes normal
numbers of flagella and is sensitive to x bacte-
riophage. Furthermore, the sfrB mutations had
been introduced into M3960 by P1 transduction.
M3960 and derivatives carrying the sfrB11 and
sfrB13 mutations were tested. Both mutants
were resistant to x bacteriophages and did not
swarm normally on swarming plates. The mu-
tants were restored to the wild-type phenotype
by introducing the sfrB* F-prime KLF33. Elec-
tron microscopic analysis of the mutants re-
vealed that only a few of the mutant cells syn-
thesized flagella (Table 6). Most of the few flag-
ella synthesized did not bind x bacteriophages
and were short and rigid rather than long and
sinuous. These were scored as defective flagella.
We conclude that sfrB is needed for efficient
synthesis of functional flagella.

Response of Sfr~ mutants to bacterio-
phages and antibiotics. The effect of the sfrB
mutations on flagella synthesis suggested that
these mutations might influence other cell sur-
face functions. We therefore tested the sensitiv-
ity of the sfr strains to a series of bacteriophages
which use various components of the cell surface
as receptors for absorption and DNA injection
(15, 16). Spot tests were used to screen various
bacteriophages, followed by quantitative titra-
tion of plaquing efficiency in those cases which
showed differences between sfr* and sfr mu-
tants. The results (Table 7) show that the sfrA
mutations had no detectable effects, whereas the
sfrB mutations did. The effects of the sfrB mu-
tations could be reversed by introducing the
sfrB* F-prime KLF33 into the sfrB mutants.

The pattern of altered bacteriophage sensitiv-
ity suggests that the sfrB mutations affect the

TABLE 6. Flagella synthesis by sfrB mutants

Fraction of cells with:

Mutation .
Normal flag-  Defective
ella flagella o flagella
sfr* 0.67 0.14 0.19
sfrB11 =0.01 0.11 0.89
sfrB13 0.05 0.17 0.78
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TABLE 7. Response to bacteriophages -

Group of Response of:"
bacterio- Members
phages sfr*  sfrA  sfrB
a U3 S S R
C21 R R S
b T1, T2, T4, T7, S S S
BF23
c T6, $12, K3, A S S NT

“8S, Sensitive; R, resistant; NT, not tested because
the two available sfr* parental strains were themselves
resistant. sfrA4 and sfrA5 were used as representative
sfrA mutations, whereas sfrB11 and sfrB13 were used
as representative sfrB mutations.

lipopolysaccharide (LPS) of the outer mem-
brane. Bacteriophages C21 and U3 both use the
LPS as a receptor for absorption (23, 28). Nor-
mally, E. coli K-12 is sensitive to U3 and resist-
ant to C21. E. coli B shows the opposite pattern
(21, 28), and the difference has been ascribed to
different LPS compositions (9, 23, 28). Because
some gal mutations in E. coli K-12 lead to LPS
changes which result in resistance to U3 and
sensitivity to C21 (23, 28), the possibility existed
that the response of the sfrB mutants was an
artefact due to the gal mutation present in
JC3272. However, these Sfr™ strains showed the
same effects even when they carried Fgal and
when the growth medium was supplemented
with galactose.

Cell envelope changes are sometimes also as-
sociated with cojugation deficiency or altered
sensitivity to antibiotics. The Sfr~ mutants
yielded as many recombinants after conjugation
with Hfr donors as did their Sfr* parent. How-
ever, the sfrB mutants did differ from both sfr*
and sfrA cells with regard to antibiotics. All sfrB
mutations resulted in significantly greater sen-
sitivity to chloramphenicol (10 pg/ml) and no-
vobiocin (30 pg/ml). Lipopolysaccharide mu-
tants which are resistant to bacteriophage U3,
sensitive to phage C21, and supersensitive to
novobiocin have been described (16). Thus, sfrB
mutations seem to affect the lipopolysaccharide
composition.

DISCUSSION

The sfrA and sfrB cistrons defined here are
apparently distinct from previously described E.
coli K-12 cistrons. However, similar mutants
which may carry sfrA or sfrB mutations have
recently been isolated (22; P. Silverman and M.
Malamy, personal communications). The gene
products of sfrA and sfrB are needed for efficient
expression of the conjugation proteins of most
F-like conjugative plasmids. Their normal role
for E. coli cells is not clear.

All the mutants analyzed here are leaky. This
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could represent residual function of a partially
mutated gene product or the possibility that the
functions analyzed are not totally dependent on
these gene products. In the absence of this in-
formation, it is not clear whether the sfrA and
sfrB gene products play an important and gen-
eral role in cell growth and metabolism. How-
ever, expression of F pilus synthesis, DNA trans-
fer, and surface exclusion by F tra cistrons is
clearly dependent on full function of both the
sfrA and sfrB cistrons. Furthermore, inhibition
of ¢u bacteriophage development by F pif cis-
trons, as well as flagellar function and other
properties (sensitivity to bacteriophages C21
and U3 and to antibiotics), are all at least par-
tially dependent on the sfrB gene product. Many
of these phenotypes reflect the function of the
cell surface, and the sfrB gene product may play
an important role in the regulation of synthesis
or of the function of the E. coli cell surface.

At what level are the sfr gene products re-
quired? The effects of the sfr mutations on F
factor genes are easiest to interpret. Because
both F pilus synthesis and surface exclusion are
impaired and because different tra cistrons in-
dependently encode these two cell envelope-as-
sociated functions, the sfr mutations apparently
exert a pleiotropic effect on tra cistrons. Such
an effect could be at the transcriptional level or
at posttranscriptional levels. The tra cistrons
affected are located in the tra operon, the tran-
scription of which is dependent on the function
of traJ (29). Thus, the sfrA and sfrB gene prod-
ucts could be involved either in transcription of
the ¢ra operon or in transcription of tra.J. How-
ever, the data presented here do allow one pos-
sible transcriptional mechanism to be excluded.
These mutants do not synthesize a novel repres-
sor protein similar to the finO protein, since the
mutations were all recessive and a repressor
would have been dominant. The possibility that
the sfrA and sfrB gene products are needed at
a posttranscriptional level rather than for tran-
scription should not be discounted. Since the
sfrB mutations resulted in several cell envelope-
associated changes, their phenotype might in
fact be due to indirect effects on function within
the cell envelope of proteins that are synthesized
at a normal rate. In fact, the observation that
the quantitative effects of the sfrA mutations on
DNA transfer and surface exclusion were not
correlated may reflect just such an indirect ef-
fect.

Despite the current uncertainties about the
normal roles of the sfrA and sfrB gene products,
the existence and properties of these mutants do
demonstrate that the host cell plays a specific
role in the expression of conjugation cistrons of
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the F sex factor. Further analysis of these mu-
tants may, therefore, shed light both on the basis
of conjugation and the mechanisms of cellular
function.

ACKNOWLEDGMENTS

We gratefully acknowledge the bacterial strains and bac-
teriophages given by various colleagues and the assistance
with bacteriophage testing by Paul Manning and with the
electron microscopy by Giovanna Morelli and Rudi Lurz.
Critical reading of the manuscript by Paul Manning and Ron
Gill was highly useful.

LITERATURE CITED

1. Achtman, M. 1975. Mating aggregates in Escherichia
coli conjugation. J. Bacteriol. 123:505-515.

2. Achtman, M., S. Schwuchow, R. Helmuth, G. Morelli,
and P. A. Manning. 1978. Cell-cell interactions in
conjugating Escherichia coli: Con' mutants and stabi-
lization of mating aggregates. Mol. Gen. Genet. 164:
171-183.

. Achtman, M., and R. Skurray. 1977. A redefinition of
the mating phenomenon in bacteria, p. 234-279. In J.
Resissig (ed.), Microbial interactions, series B, vol. 3,
Receptors and recognition. Chapman & Hall, London.

4. Achtman, M., R. A. Skurray, R. Thompson, R. Hel-
muth, S. Hall, L. Beutin, and A. J. Clark. 1978.
Assignment of tra cistrons to EcoRI fragments of F sex

factor DNA. JJ. Bacteriol. 133:1383-1392.

5. Achtman, M., N. Willetts, and A. J. Clark. 1971. Be-
ginning a genetic analysis of conjugational transfer de-
termined by the F factor in Escherichia coli by isolation
and characterization of transfer-deficient mutants. J.
Bacteriol. 106:529-538.

6. Achtman, M., N. Willetts, and A. J. Clark. 1972. Con-
Jugational complementation analysis of transfer-defi-
cient mutants of Flac in Escherichia coli. J. Bacteriol.
110:831-842.

7. Armstrong, J. B., J. Adler, and M. M. Dahl. 1967.
Nonchemotactic mutants of Escherichia coli. J. Bac-
teriol. 93:390-398.

8. Bachmann, B. J., K. B. Low, and A. L. Taylor, 1976.
Recalibrated linkage map of Escherichia coli K-12.
Bacteriol. Rev. 40:116-167.

9. Boman, H. G., and D. A. Monner. 1975. Characteriza-
tion of lipopolysaccharides from Escherichia coli K-12
mutants. J. Bacteriol. 121:455-464.

. Chakrabarti, S., and L. Gorini. 1975. Growth of bacte-
riophage MS2 and T7 on streptomycin-resistant mu-
tants of Escherichia coli. J. Bacteriol. 121:670-674.

11. Fan, D. 1969. Deletions in limited homology recombina-
tion in Escherichia coli. Genetics 61:351-361.

12. Finnegan, D., and N. Willetts. 1971. Two classes of Flac
mutants insensitive to transfer inhibition by an F-like
R factor. Mol. Gen. Genet. 111:256-264.

13. Finnegan, D., and N. Willetts. 1972. The nature of the
transfer inhibitor of several F-like plasmids. Mol. Gen.
Genet. 119:57-66.

14. Finnegan, D., and N. Willetts. 1973. The site of action
of the F-transfer inhibitor. Mol. Gen. Genet. 127:307-
316.

15. Hancock, R. E. W., and P. Reeves. 1975. Bacteriophage
resistance in Escherichia coli K-12: general pattern of
resistance. J. Bacteriol. 121:983-993.

16. Hancock, R. E. W., and P. Reeves. 1976. Lipopolysac-
charide-deficient, bacteriophage-resistant mutants of
Escherichia coli K-12. J. Bacteriol. 127:98-108.

17. Helmuth, R., and M. Achtman. 1975. Operon structure
of DNA transfer cistrons on the F sex factor. Nature
(London) 257:652-656.



VoL. 139, 1979

18.

19.

20.

21.

22.

23.

Hirota, Y., and P. Sneath. 1961. F' and F mediated
transduction in Escherichia coli K-12. Jpn. J. Genet.
36:307-318.

Hoar, D. L. 1970. Fertility regulation in F-like resistance
transfer factors. J. Bacteriol. 101:916-920.

Jacob, A.E,, J. A. Shapiro, L. Yamamoto, D. 1. Smith,
S. N. Cohen, and D. Berg. 1977. Plasmids studied in
Escherichia coli and other enteric bacteric, p. 607-683.
In A. 1. Bukhari, J. A. Shapiro, and S. L. Adhya (ed.),
DNA insertion elements, plasmids, and episomes. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Kalckar, H. M., P. Laursen, and A. M. Rapin. 1966.
Inactivation of phage C21 by various preparations from
lipopolysaccharide of Escherichia coli K-12. Proc. Natl.
Acad. Sci. U.S.A. 56:1852-1858.

Lerner, T. J., and N. D. Zinder. 1979. Chromosomal
regulation of sexual expression in Escherichia coli. J.
Bacteriol. 137:1063-1065.

Rapin, A., H. Kalckar, and L. Alberico. 1968. The
metabolic basis for masking the receptor sites on Esch-
erichia coli K-12 for C21, a lipopolysaccharide core

24.

25.

26.

27.

28.

29.

30.

sfrA AND sfrB CISTRONS 737

specific phage. Arch. Biochem. Biophys. 128:95-105.

Riva, S,, A. Fietta, L. Silvestri, and E. Romero. 1972.
Effect of rifampicin on expression of some episomal
genes of Escherichia coli. Nature (London) 235:78-80.

Romero, E., S. Riva, M. Berti, A. Fietta, and L. Sil-
vestri. 1973. Pleiotropic effects of a Rifampicin resist-
ant mutation in Escherichia coli. Nature (London) 246:
225-228.
Sabourin, D., and J. Beckwith. 1975. Deletion of the
Escherichia coli crp gene. J. Bacteriol. 122:338-340.
Schade, S. Z., and J. Adler. 1967. Purification and
chemistry of bacteriophage x. J. Virol. 1:591-598.

Watson, G., and K. Paigen. 1971. Isolation and charac-
terization of an Escherichia coli bacteriophage requir-
ing cell wall galactose. J. Virol. 8:669-674.

Willetts, N. 1977. The transcriptional control of fertility
of F-like plasmids. J. Mol. Biol. 112:141-148.

Willetts, N., and M. Achtman. 1972. Genetic analysis of
transfer by the Escherichia coli sex factor F, using P1
transductional complementation. J. Bacteriol. 110:843-
851.



